The effect of alkali treatment on sisal fiber from the plant agave sisalana in appropriation for composite material application is presented. Effectiveness of the fiber's reinforcement potential within polypropylene (PP) matrix is evaluated through morphological analysis, crystallinity levels, and tensile, where ultimate tensile strength (UTS) of 580 MPa are obtained. The performance property of the resultant composite is comparatively profiled against equivalent material systems in Ashby material property charts, where suitability for light, low-flexure and stiffness limited design applications is evident. Based on the fiber's non-uniform and irregular geometrical variation, the structural characteristics of the fiber is described by the two-parameter Weibull statistical technique, applied as control to ascertain experimentally determined parameters. The fiber diameters ranged from 148 µm to 304 µm and exhibited corbel-arch and horse-shoe morphology. The composite is of a randomly oriented shortfiber architecture, 0.23 fiber volume fraction. This study concludes that drawbacks to realizing functional cellulosic fiberpolymeric composites can be achieved by the judicious integrated choice of (i) methodology of fiber modification, (ii) proper fiber characterization, and (iii) optimization of processing parameters.
Introduction
Presently, there is an ever-increasing demand for newer, stronger, stiffer, and yet lighter-weight materials in the fields such as aerospace and automobile. The array of advanced materials includes polymer composites, nanocomposites, and biocompatible materials (Bledzki et al., 2008; Sarwar, 2010) .High demands on materials for better overall performance has led to extensive research and development efforts in the composites fields as they offer properties superior in strength and modulus to many traditional engineering materials such as metals. As a result, these materials are now being rapidly utilized in industries than traditionally used metals, and they have become the forefront of research and development activity (Gupta et al., 2012; Lu et al., 2013) . Natural fibers like sisal, jute, kenaf and coir have been used as reinforcement material in polymer-based composites. The incorporation of stiff fibers and soft matrices can lead to new materials with outstanding mechanical properties encompassing the advantages of both the fiber and matrix (Carvallo et al, 2010) . The matrix transmits applied loads to the reinforcing fibers within the composite, resulting in a material with improved mechanical properties compared to the un-reinforced matrix material (Beckermann, 2007) . Sisal, being a source of lingocellulosic fiber, the composition of which includes cellulose, hemicelluloses, lignin, pectin, fat, waxes, and water soluble substances bear hydroxyl groups from cellulose and lignin (Anandjiwala et al., 2008) .Owing to the presence of hydroxyl groups in cellulosic fibres, the moisture regain is high, leading to poor organic wettability with the matrix material and hence a weak interfacial bond between the reinforcing agent and hydrophobic matrices. The most important factor in obtaining mechanically-viable composite material is the fiber-matrix interfacial interaction, the extent of which depends upon the chemical structure and polarity of these materials (Zhaoqhian et al., 2011) .
In order to develop cellulosic fiber-polymeric matrix composites with better mechanical properties, it is necessary to increase the hydrophobicity of the reinforcing agent. Several chemical treatments exist such as alkalization, acetylation, liquid ammonia, graft polymerization and peroxides which are conducted on cellulosic fibers to modify the physical and mechanical properties (Anandjiwala et al., 2008) . Favaro et al., 2010 investigated the effects of mercerization and acetylation on sisal fiber compatibility with oxidized high-density polyethylene and reported improved fiber-matrix adhesion. Liu et al., 2007 also reported improved fiber-matrix adhesion of mercerized and maleic anhydride grafted jute fiber reinforced polypropylene composites. Changes to the cellulose structure and crystallinity index were also reported by Jayaramudu et al., 2009 on mercerized sterculia urens fabric. In this study, the cellulosic fiber sisal has been modified with alkali solution to impart viable physical and mechanical properties which make it suitable for application in composites.Notwithstanding the well-established observation of cellulosic fiber's geometric irregularity, this study considers a two-parameter Weibull statistical technique to describe the structural characteristics of the fiber. Weibull is appliedas control to ascertain experimentally observed parameters used for calculating UTS. The structural constituents of the fiber being cellulose, hemicellulose and lignin are sensitive to the different ranges of temperatures. Kabir et al. (2011) reported degradation of lignin at ~200 o C, and hemicellulose at even higher temperatures. Kifani et al. (1996) reported hemicellulose to degrade between 220-315 o C and lignin between 280-500 o C. Despite the advantages mentioned above, the use of cellulosic fibers in thermoplastics has had challenges associated with it. The possible reasons that contribute to unsatisfactory final properties of the composite are (i) limited thermal stability at typical melt processing temperatures of ~200 o C, which limits the type of thermoplastic that can be used with the fibers, (ii) poor dispersion characteristics in the non-polar olefinic thermoplastic melt due to strong hydrogen forces between the fibers, and (iii) high moisture absorption of the fibers which can affect the dimensional stability of the composite (Kaushik et al., 2010; Li et al., 2011) . Other researchers (Oladele et al., 2010; Nirmal et al., 2011) are in agreement that the limitation of cellulose fibers as reinforcement in thermoplastics shows that the aforementioned problems are common, independent of the type and origin of the fiber employed. The preceding challenges call for extensive research, technology development and innovation to affirm certainty in product development processes and predictable performance. Compared to continuous-fiber composites, short-fiber composites can be easily processed in a similar manner to the matrix. Cellulose fibers are flexible and will not fracture when processed over sharp curvatures which enables the fibers to maintain the desired aspect ratio for good performance. Several researchers have suggested that an aspect ratio in the range of 100-200 after processing is essential for high performance of short-fiber composites (Kabir et al., 2011; Li et al., 2008) . On the other hand, Joseph et al. (1993) reported maximum tensile strength properties based on the aspect ratio of 20, when studying sisal-fiber polyethylene composites. The volume fraction also, has profound influence on fiber-matrix interface failure and is one of the parameters used in determination of natural fiber composite mechanical properties (Lu et al., 2013) . The composite used in this study was prepared from mercerized sisal fiber at volume fraction, of 0.23, at length of 5 mm. This accorded better fiberpacking, less fiber-entanglement, and ease of dispersion within the PP matrix. The fiber used showed comparatively superior UTS of 588 MPa, percentage crystallinity of 59.8 %, and 13 % thermal improvement effect compared to other alkali treatment protocols employed. To account for material anisotropy and random fiber-orientation architecture, composite strength was estimated from the modified "Rule of Mixtures". The model is represented by the relationship (Lu, 2002; Li et al., 2000; Xiaolin, 2008) = + ( ) (1) where represents the strength of the composite, and are stresses in the matrix and fiber correspondingly, and and are the matrix and fiber volume fractions correspondingly. The parameter determines the strength transfer between fiber and matrix.
El-Messiry (2012) studied tensile properties of okra, sisal and banana fibers and epoxy composites and observed optimal mechanical properties of the composite at Vf of 25 %. Li et al. (2000) studied properties of sisal fiber reinforced polystyrene and observed initial reduction in tensile strength at Vf of 10 % followed by optimal properties at Vf of 20 %.Various mathematical models, namely, Halpin-Tsai, Hirch's, Bowyer-Bader consider randomly oriented short-fiber composite strength to be influenced by (i) fiber length, (ii) fiber volume fraction, (iii) fiber orientation, (iii) fiber dispersion, and (iv) fiber-matrix interfacial strength (Lu, 2002) .This research contributes to the present challenges which scientists and engineers face in seeking solutions to realizing improved fiber-matrix adhesion characteristics of plant-based fibers and polymeric matrices for the benefit of the ever increasing application needs. The objective of this study is to evaluate effects of alkali treatment on sisal fiber for application in composite, identify potential causal to degradation of the fiber structural integrity, and subsequently assign market application potential of the resultant composite from comparative evaluation of its engineering properties with equivalent material-systems using Ashby plots.
Materials
Sisal fibers used in this study were harvested in locally. The ribbon fibers were separated mechanically from the inner core of the sisal leaf. Laboratory reagents used were sodium hydroxide pellets of 99% strength supplied by Rochelle Chemicals, South Africa. Chemicals were diluted to 6 % (w/w) solution concentration. The polypropylene polymer used as matrix was supplied by Sasol Polymers, Republic of South Africa.
3.Experimental Techniques

Determination of fiber geometrical properties:
The fiber diameter was measured using the Motic digital microscope (DM143) interfaced to the Motic image PLUS 2 computer software for automated image analysis. Fifty fibers were randomly selected and the dimensional parameters, namely, diameter, perimeter and cross-sectional area measured. To control and ascertain the accuracy of diameter of the fiber specimen, the two-parameter Weibull statistical technique was used. For measurement, the fiber was held into position on a recessed card-board which exposed the geometry to be measured. As for diameter, three equidistant measurements were taken along the length of the fiber and the mean reported.
3.2Alkali treatment protocol:
The fibers were soaked in sodium hydroxide (NaOH) of 6 % (w/w) solution treatment for 30sec, 1hr and 3 hr duration. Samples were coded Al-6-30s, Al-6-1hr, Al-6-3hr, each representing immersion times and the common 6 % solution concentration. Following immersion, fibers were washed with distilled water and dried at room temperature for 48 hr. The fibers were then soaked in 1 % acetic acid to neutralize excess sodium hydroxide. The fibers were then rinsed with distilled water and dried in an oven at 80 o C for 2 hr to remove free water.
Fiber crystallinity:
The changes in fiber crystallinity were evaluated using X-ray diffraction. The experiments were performed at ambient condition using X-Pert PRO mpd control diffractometer using Cu Kα (1.5405980Å) radiation Ni-filter and scintillation counter as detector at 45 kV and 30 mA. All the experiments were performed in the continuous mode at a scan speed of 4 o per minute and a step size of 0.05 o . The X-ray diffractograms were recorded from 0 to 70 o of 2θ (Bragg angle). The area method was used to evaluate fiber crystallinity. The percentage crystallinity was determined using Equation 2, where I (002) is the counter reading at peak intensity at a 2θ angle close to 22 o (crystalline material) and I (am) is the amorphous counter reading at a 2θ angle of about 18 o (Kumar et al., 2017) .
Thermo-gravimetric analysis (TGA):
TGA was used to study the thermal stability of the fiber following alkali treatment. The Pyris 1 Thermo-gravimetric analyzer supplied by PerkinElmer was used in the analysis. Samples measuring 6.7 mg for untreated fiber, and 6.9 mg for the Al-6-1-hr treated fibers were analysed. The samples were held for 1 min at 30 o C and then heated from 30 o C to 600 o C at 10 o C/min in nitrogen atmosphere flowing at 20 ml/min.
Surface morphology:
Surface morphology was used to study effects of alkali treatment on the surface structures of untreated and treated sisal fibers. The samples were analysed using the scanning electron microscope Model XL 30. Excitation energy was set at 12-15 keV, with analysis at~10 mm working distance. Fiber conductivity was via carbon deposition.
Tensile testing:
Tensile testing for fibers was conducted according to ASTM D3379-75 using the Zwick/Roell Z020 universal testing machine. A test speed of 2 mm/min was used and a gauge length of 50 mm was maintained. The fiber cross-sectional area was calculated using diameter measured from the Motic Images Plus 2.0 ML software. Average strength values for five specimens from the Al-6-30s,Al-6-1hr andAl-6-3hr treated fibers were reported. Tensile test for the composite was conducted according to the ISO 527-1 standard, using the Zwick/Roell Z020 Universal tensile tester. A crosshead speed of 3 mm/min and gauge length of 50 mm were maintained. The average strength values for five specimens from the Al-6-1hr treated fiber composite were reported.
Preparation of the composite:
The sisal-PP blend was achieved by melt-mixing. The sisal fiber was added to a melt of polypropylene and mixing was performed in a Haake Rheocord mixer at 180 o C, rotor speed of 30 rpm, for a period of 10 minutes. The composite panels were prepared through compression moulding using the Wabash mould press. A pressure of 0.5 metric tons was applied and kept constant throughout the compression cycle. Figure 1 shows the resultant composite panel, which exhibits darkening effect and fiber agglomeration. Tensile test specimens were prepared from the fabricated composite panels which showed no fiber agglomeration. 
Results and Discussions
4.1Fiber geometrical characteristics:
The fiber cross sections were neither circular nor fairly uniform as shown by the SEM micrographs in Figure 2 (a) and (b). The fiber-end shapes observed were the horse-shoe and the corbel-arch types.
(a) (b) Figure 2 . Fiber-end shapes depicting the (a) horse-shoe and the (b) corbel-arch type A wide dimensional variation was recorded which confirmed the geometrical non-uniformity of the sisal fiber. It was observed that 48 % of the fiber diameters lay between 150 µm-225 µm and 10 % of the fiber diameters lay between 300 µm-375 µm.
For applied two-parameter Weibull model, the cumulative failure probability ( ) is given by the relationship
where is the dimension, is the Weibull shape parameter and is the scale parameter. The parameter is a measure of the variability of the fiber dimensions, where a large value of corresponds to small scatter in dimension. The scale parameter is the measure of statistical dispersion of the data. The cumulative probability , under a particular dimension is approximated by:
where is the number of fibers having dimensions at or below a certain value and is the total number of fibers measured (Awal et al., 2003) .
A plot of ln [− ln(1 − )vs ln ( ) was used to determine the shape parameter and scale parameter for the diameter, perimeter, and cross-sectional area as shown in Figure 3 (a) to (c) correspondingly. The parameters and were taken as the gradient and the -intercept of the best fit line correspondingly (Awal et al., 2003) .The shape parameter for diameter was the largest at 3.03 vs 2.22 and 0.99 for perimeter and cross-sectional area correspondingly. This translates to a smallest dimensional scatter for diameter, which as consequence, was used to calculate fiber UTS. Figure 4 shows the micrograph of a cellulose helical spiral with intermittent transverse fractures sites shown by an arrow. The occurrence of fracture is attributed to excessive mechanical forces sustained during decortication, as the fiber is liberated from the pithy core of the sisal leaf. Susceptibility of cellulose helical spiral fracturing has also been reported by Anandjiwala et al., 2008, who Figure 4 (a) shows a relatively smooth resin socket from which an untreated fiber was pulled out. The micrograph indicates poor interfacial bonding due to incompatibility or poor surface wetting of hydrophilic fiber and hydrophobic matrix. Figure 4 (b) shows a peripheral perspective of a resin socket from which the 6-Na-1hr treated fiber was pulled out. Fiber microfibrills attached to the periphery of the socket (indicated by the arrows) indicates better interfacial adhesion due to improved roughness, wettability and impregnation of matrix (b) show the SEM micrographs of the longitudinal sections of the pullout holes depicting comparative morphologies for counter surfaces from which the Al-6-1hr treated fiber was pulled out. From the figures, the sparsely distributed pits (rough terrain) on matrix surfaces (ranging from 18.5 µ to 65 µ size) surrounding the fiber pull-out region can be observed. They can be considered to point towards need for improvement in composite fabrication or the nature of the matrix.
4.2Morphology analysis 4.2.1 Helical structure morphology:
INTERMITTENT SPLITS
4.2.2Fiber pull-out surface morphology:
(a ) (b) Figure 6 . Counter surfaces from which Al-6-1hr treated fibers were pulled out.
Fiber crystallinity:
The diffractographs were used to calculate percentage crystallinity for untreated and treated fibers. Improved crystallinity facilitates optimal packing of cellulose crystallites, a condition with potential to effect improved fiber stiffness, which is advantageous for composite application (Mwaikambo et al. 1999) . The percentage crystallinity for the untreated sisal fiber was used as the baseline index for comparative evaluation of the effect of crystallite packing in the fiber caused by treatment. The peak intensities and percentage crystallinity calculated from diffractographs are presented in Table 1 for the untreated fibers, and the Al-6-30sec, Al-6-1hr, and Al-6-3hrtreated fibers. Samples treated for 1 hr and 3hr showed the same percentage crystallinity of approximately 13% improvement compared to the untreated fiber. Table 2 presents the thermal degradation parameters for untreated and Al-6-1hr fibers determined from TGA thermograms. The results indicate the initial degradation for the Al-6-1hr fibers to have improved from 174 o C to 230 o C, reflecting a 56 o C shift when compared to the untreated fiber. This phenomenon confirms that the Al-6-1hr treated fiber could be processed at temperatures lower than 230 o C whilst maintaining its structural integrity. A similar viable shift was
Thermogravimetric analysis (TGA):
SMOOTH PULLOUT HOLE FIBRILS AROUND PULLOUT RESIN SOCKET PITS ON POLYPROPYLENE MATRIX FIBER REMNANTS AROUND PULLOUT HOLE
observed for the inflection point (where degradation rate is maximum) and the final degradation temperature. The results are consistent with findings by Kifani et al. (1996) Table 3 shows the average values for the ultimate tensile strength (UTS), range of tensile moduli, strain at failure for the untreated and treated fibers. Untreated fibers showed average UTS value of 440 MPa and a tensile modulus range of 6.99 -8.26 GPa. The highest UTS for the treated fiber 588 MPa for Al-6-1hr, which showed a 33.6% improvement compared to the untreated fiber. The Al-6-1hr treated fibers also, exhibited a corresponding superior improvement in percentage crystallinity of 59.8 %.The improvement in tensile modulus exhibited by alkali treated fibers is attributed to improved stiffness imparted by chemical treatment and has been reported by other researchers (Kaushik et al., 2010) . Table 4 shows UTS and tensile modulus results for the untreated fiber composite and the Al-6-1hr fiber composite. The UTS for the Al-6-1hr fiber composite improved by 20.5 % in average, when compared to the composite from the untreated fiber. The tensile modulus for the Al-6-1hr composite also increased which suggests enhanced fiber reinforcement potential from surface treatment. A similar observation of improvement in tensile strength for composites prepared from chemically treated fibers has been reported by several researchers (Zhaoqian et al., 2011; Ghasemi et al., 2010) . Zhaoqian et al. (2011) reported improvement of 6.77 % in tensile strength for graft co-polymerized sisal fiber in polylactide composites. , where the parameter , which accounts for material anisotropy and random short-fiber orientation architecture is approximated to 1/5(Xiaolin, 2008). The theoretical prediction of UTS is observed to be higher than the average experimental value i.e., 44.7 MPa vs42.3 by 5.8 %.This effect is attributed to a combination of the following factors:
The microstructure of the composite, shown from Figure 6 , which depict surface irregularities in a form of pits of ~18.5 µm to 65 µm approximate sizes. The surface pits lead to cracks which act as stress concentration points for crack initiation and failure propagation of the composite during service.
The architectural variables, particularly the aspect ratio and fiber dispersion. Figure 1 and Figure 4 depicts fiber agglomeration and helical structure splits correspondingly, being the possible effects with potential to weaken composite strength.
Profiling Composite properties in Ashby plots
The comparative analysis of mechanical properties of the Al-6-1hr treated fiber composite against other materials systems by means of the Ashby plots is presented. Comparative visualization of performance characteristics is made against composites made from reinforcement materials such glass fiber and natural fibers including polypropylene-based composites. Figure 7 shows the Ashby plot for the Young's modulus vs Density. The combination of the Young's modulus and density allows for design of light and stiff products, where high values of specific stiffness indicate good materials for lightweight, stiffness-limited design (Ashby et al., 1995) . From the figure, it can be observed that Young's modulus for engineering polymers range from 0.07 GPa -10.2 GPa and the density ranges from ~ 0.38 to 2.4Mgm -3 . The Al-6-1hr fiber composite (tensile modulus: 0.232 GPa; Density: 1120 kg/m 3 ) shown by a star symbol, lay within the envelope for engineering polymers. The guide lines Figure 8 shows the Ashby plot for UTS vs Density. The Al-6-1hr treated sisal fiber polypropylene composite with UTS of 42.3 MPa, and = 1120 kg/ 3 , shown by a star symbol, lay at the lower strength domain within the envelope for 'natural polymers and polymer composites. The guidelines depicts loading for a plate material in flexure (Ashby et al., 1995) . This identifies potential for a structurally efficient, light and strong material system, with strong panels selected for high values of . The Al-6-1hr fiber composite suits the domain for low flexural strength applications. 
Young's modulus vs. Density comparison:
Tensile strength vs. Density for the Composite:
5.Conclusions
On the overall, the resultant composite exhibits beneficial comparative functionalities based on composite strength, fiber integrity in terms of improved percentage crystallinity and tensile properties and manufacturing attributes from improved fiber morphology.
The following conclusions are reached on theprofiled composite's market application potential.
 The Ashby profiling of the Al-6-1hr treated composite exhibits a material system suitable for light, low-stiffness applications such as automobile interior panels/linings and profiles.
 The cellulose helical spirals aresusceptible to fractures from mechanical stresses sustained from extraction. Usage of suitable decortication forces during fiber liberation from the leaf's pithy core is underscored.
 From the fiber's geometric irregularity, the Weibull statistical technique can effectively describe fiber structural characteristics and ascertain accuracy of parameters used in characterization of natural fibers.
